ABSTRACT The objective of this study was to assess the effect of supplementation with sodium salt of N,Ndimethylglycine (DMG-Na) on apparent digestibility (AD) in broiler chickens fed low-and high-fat diets. Twenty-eight 1-d-old broiler chickens were fed one of the dietary treatments: a low-fat diet (LF) or a high-fat diet (HF) supplemented with or without 1,000 mg/kg of DMG-Na. Body weight and feed consumption were recorded at 14 and 35 d of age. Average daily growth, daily feed intake, and feed conversion ratio were calculated. The AD of DM, organic matter (OM), CP, total fat (TF), and α-tocopheryl-acetate were assessed by 2 digestibility trials (at 18-21 and 32-35 d, respectively). Serum protein and plasma α-tocopherol concentrations were assessed at 35 d of age. Final BW, feed intake, carcass, breast, and spleen weight were higher in groups fed LF than HF diets (P = 0.048, P = 0.002, P = 0.039, P < 0.001, P = 0.007, respectively). Liver weight was increased in DMG-Na-unsupplemented groups (P = 0.011) for both fat levels. During the first digestibility trial (18-21 d) , the AD of DM (P = 0.023), OM (P = 0.033), CP (P = 0.030), and α-tocopheryl-acetate (P = 0.036) was higher in the DMG-Na-supplemented group than control. Digestibility of total fat was increased by DMG-Na supplementation in the LF groups (P = 0.038). A trend for improvement of digestibility was observed during the second digestibility trial (32-35 d) for DM (P = 0.089), OM (P = 0.051), and CP (P = 0.063) in DMG-Na groups. Total serum proteins (and relative fractions) were positively influenced by DMGNa supplementation both in LF and HF diets (P = 0.029). Plasma α-tocopherol concentration was higher in groups fed LF than HF diets (P < 0.001).
INTRODUCTION
Dimethylglycine (DMG) is a tertiary amino acid involved in a variety of biological processes because it is an intermediary metabolite in the cellular metabolism of choline and betaine. Friesen et al. (2007) described the role of DMG as a source of glycine for glutathione synthesis. Dimethylglycine can be metabolized in liver mitochondria, rendering both its methyl groups through transmethylation of tetrahydrofolate to free glycine (Slow et al., 2004) . Being a small, water-soluble molecule that is lipophilic enough to cross cellular membranes, DMG is likely to be absorbed rapidly and completely following oral administration (Cupp and Tracy, 2003) . The beneficial effects of DMG on nutrient digestibility could be due to the surfactant properties of DMG esters (Clapés and Infante, 2002) . Previous studies in broilers (Ross-308) reported a significant improvement of apparent digestibility of carbohydrate and protein when a control diet was supplemented with 167 mg of N,N dimethylglycine sodium salt (DMGNa)/kg . Cools et al. (2010) found an improvement of crude fat, CP, and nitrogen-free extract apparent digestibility when 500 mg of DMG-Na/ kg of feed was supplemented in sow diets. This beneficial effect confirms the hypothesis that DMG acts as an emulsifying agent, as recently proven by Vanhauteghem et al. (2012) .
Moreover, Kalmar et al. (2011) found that plasma TBARS in broiler chickens were linearly reduced by DMG supplementation in diets containing vegetable fat. Considering that oxidative stress is a well-recognized physiological factor in the pathogenesis of pulmonary hypertension in broilers (Bottje and Wideman, 1995) , the antioxidant properties of DMG-Na could atEffects of N,N-dimethylglycine sodium salt on apparent digestibility, vitamin E absorption, and serum proteins in broiler chickens fed a high-or low-fat diet tenuate the progression toward this metabolic disorder .
The main objectives of the present trial was to investigate the effect of 1,000 mg/kg of DMG-Na and 2 dietary fat levels on emulsifying properties of DMG, through measurement of apparent digestibility (AD) and absorption of vitamin E, as a fat-soluble nutrient, and on serum proteins in broiler chickens. In addition, growth and slaughtering performance were monitored.
MATERIALS AND METHODS

Birds, Husbandry, and Diets
The present trial was performed at the animal farm of the Faculty of Veterinary Medicine of the University of Turin (Italy). The experimental protocol was designed according to the guidelines of the Italian law for care and use of experimental animals (Ministero della Salute, 1992) .
Twenty-eight 1-d-old male broiler chickens (Ross 508) were divided in 4 groups, raised in floor pens (one pen/ dietary treatment) until the age of 14 d. Housing conditions were the same for all groups. Birds were fed one of the following dietary treatments: a low-fat diet (LF, 4.5% calculated total fat) supplemented with or without 1,000 mg/kg of DMG-Na (Taminizer D, Taminco, Ghent, Belgium) and a high fat diet content (HF, 9.0% calculated total fat) supplemented with or without 1,000 mg/kg of DMG-Na. All diets were supplemented with 200 UI/kg of α-tocopheryl-acetate (α-TA; Rovimix E-50 Adsorbate, DSM Nutritional Products Ltd., Basel, Switzerland); the added fat was soybean oil. From the age of 14 d, birds were kept individually in 2-floor cages, taking care that chicks were evenly distributed across treatment.
Diets were formulated to meet or exceed NRC (1994) requirements. Table 1 reports the composition of the diets for the growing (1-21 d) and finishing (22-35 d) period. Feed and drinking water were provided ad libitum. The lighting schedule was 23L:1D during the first 3 d, followed by 18L:6D until slaughter age. Ambient temperature was kept within the thermoneutral zone. Chicks were vaccinated at hatching against coccidiosis, Newcastle disease, and infectious bronchitis.
Growth Performances
Mortality was monitored daily during the whole experimental period. Body weight and feed consumption were recorded individually, at the age of 14 and 35 d old. Average daily gain and daily feed intake were calculated for the period 14 to 35 d.
Carcass Yield
At 35 d of age, all chickens were killed by CO 2 gassing and immediately bled. Plucked and eviscerated carcasses were weighed. Head, neck, feet, and abdominal fat were removed to obtain carcass-for-grilling. Both carcass and carcass-for-grilling weights were also expressed as percentage of live weight (LW). The weight of breast, thighs, heart, liver, spleen, and abdominal fat were recorded and also expressed as a percentage of LW.
AD
The AD trials were performed using the total excreta collection method. Digestibility was evaluated from 18 to 21 and from 32 to 35 d of age. Trays were placed beneath each cage, and excreta were collected daily during the test period. Individual total fresh excreta were weighed daily, and 50% was taken after thoroughly mixing the total excreta, frozen at −20°C, and lyophilized. Individual 4-d excreta was pooled for further analysis.
Feeds and excreta were analyzed for DM, ash (AOAC International, 2004) , and total fat (TF; Folch et al., 1957) . Uric acid (UA) content in excreta samples was determined spectrophotometrically according to the method of Terpstra and De Hart (1974) . Crude protein content of excreta was calculated as follows: CP = (total nitrogen -UA-nitrogen) × 6.25.
The determination of α-TA content in fecal sample was performed according to the modified method described by Villaverde et al. (2008) . Briefly, 100 mg of feed and excreta samples were mixed with 400 μL of hot deionized water (80°C), 1 mL of 2-propanol, 0.5 g of Na 2 SO 4 , and 2.5 mL of extraction solvent [85% hexane (vol/vol); 15% ethyl acetate (vol/vol); 0.05% butylhydroxytoluene (wt/vol)]. After homogenization and centrifugation, the organic layer was evaporated under vacuum, and the extract was reconstituted with methanol and injected into XTerra RP18 (250 × 4.6 mm, 5 μm particles; Waters, Milford, MA) HPLC column preceded by an Analytical Guard Cartridge System (Phenomenex, Torrance, CA). Thirty microliters of reconstituted extract was injected into the chromatographic system. The system ran isocratically with methanol (100%) as mobile phase, at a flow rate of 1.3 mL•min −1 , and monitored with fluorescence detection (λex = 295 nm, λem = 330 nm). The quantification of vitamin E was based on the combined use of the retention time, and co-chromatography with a α-TA commercial standard (Sigma-Aldrich, St. Louis, MO).
Coefficients of AD of dietary nutrients were calculated as follows:
where X represents DM, organic matter (OM), CP, TF, and α-TA.
Blood Protein Profile and α-Tocopherol Concentration
At the end of the experiment (d 35), blood samples were collected from the femoral vein: 2.5 mL was placed in EDTA tubes and 2.5 mL in serum-separating tubes. They were centrifuged for 15 min at 3,000 × g. The plasma and serum samples were stored at -80°C pending analysis. On serum sample, total proteins were quantified using the biuret method (Bio Group Medical System kit, Hospitex Diagnostics, Sesto Fiorentino, Firenze, Italy); the serum electrophoretic patterns (albumin, α-globulin, β-globulin, and γ-globulin) were obtained using a semi-automated agarose gel electrophoresis system (Sebia Hydrasys, Hydragel 30 Protein, Sebia, Evry, France). Plasma samples were submitted to a private veterinary laboratory (Vet Med Labor GmbH, Ludwigsburg, Germany) to determine α-tocopherol (α-TOC) content.
Statistical Analysis
Normality of data distribution was assessed using the Shapiro-Wilk test. Data were then analyzed with 2-way ANOVA with fat level (LF vs. HF) and DMG-Na supplementation (control vs. DMG-Na) as main factors. Differential analysis of the effect of each factor was considered whenever fat level and DMG-Na interaction was observed. The results are presented as mean values and pooled SEM. The results were considered statistically significant when associated with a probability lower than 5%. The results with a probability lower than 1% were considered highly significant. A statistical trend was considered for P-values below 10%. 3 Finisher premix (Final B Prisma, IZA SRL) kg −1 : 2,500,000 IU of vitamin A; 1,000,000 IU of vitamin D 3 ; 10,000 IU of vitamin E; 700 mg of vitamin K 3 ; 400 mg of vitamin B 1 ; 800 mg of vitamin B 2 ; 400 mg of vitamin B 6 ; 4 mg of vitamin B 12 ; 30 mg of biotin; 2,800 mg of Ca pantothenate acid; 100 mg of folic acid; 15,000 mg of vitamin C; 5,600 mg of vitamin B 3 ; 10,500 mg of Zn, 10,920 mg of Fe; 9,950 mg of Mn; 3,550 mg of Cu; 137 mg of I; 50 mg of Co; 70 mg of Se; 30 mg of Mo; 25,000 mg of dl-methionine; 25,000 mg of butylated hydroxytoluene.
4 Rovimix E-50 Adsorbate, F. Hoffman-La Roche Ltd., Basel, Switzerland. 5 Based on NRC (1994) ingredient composition. 6 Based on FEDNA (2010) ingredient composition (http://fundacionfedna.org/).
RESULTS
No mortality was observed during the trial. Table 2 reports growth performance of broiler chickens. Final BW was influenced by dietary fat level (P = 0.048), with higher BW for LF than HF groups. Feed intake was higher in LF than in HF groups (P = 0.002) irrespective of DMG-Na supplementation. The same trend was observed for daily growth (P = 0.051). The feed conversion ratio (14-35 d) was neither influenced by dietary fat level nor by DMG-Na supplementation.
Carcass yields were mainly influenced by dietary fat content. The weight of chilled carcass, carcass for grilling, breast, and spleen were higher in groups fed LF than HF diets (P = 0.039, P = 0.028, P < 0.001, and P = 0.007, respectively). Abdominal fat weight was higher in groups fed HF than LF diets (P = 0.002). Liver weight was increased in DMG-Na-unsupplemented groups (P = 0.011) for both fat levels ( Table 2) .
The AD of DM, OM, and CP during the first digestibility trial (growing phase, 18-21 d, Table 3) were positively influenced by both dietary fat level (P = 0.025, P = 0.021, and P = 0.002, respectively) and DMG-Na supplementation (P = 0.023, P = 0.033, and P = 0.030, respectively). An interaction between fat level and DMG-Na supplementation was found for TF digestibility (P = 0.029). Digestibility of TF was positively influenced in DMG-Na-supplemented LF groups, whereas no effect was found in DMG-Na-supplemented HF groups. Digestibility of α-TA was influenced by DMG-Na supplementation (P = 0.036) irrespective of dietary fat level.
The AD of DM, OM, and TF was influenced by dietary fat content (P = 0.010, P = 0.006, and P < 0.001 respectively), and a statistical trend was observed for CP (P = 0.078) during the second digestibility trial (finishing phase, 32-35 d, Table 3 ). A statistical trend improvement for digestibility was observed in DMG-Na supplemented groups for DM (P = 0.089), OM (P = 0.051), and CP (P = 0.063). Digestibility of α-TA was not affected by dietary treatments.
Blood concentration of protein fractions and α-TOC are presented in Table 4 . Total serum protein (and relative fractions) was positively influenced by DMG-Na supplementation. Plasma α-TOC concentration was higher in groups fed LF than groups fed HF diets (P < 0.001), irrespective of DMG-Na supplementation.
DISCUSSION
Beneficial effects of DMG-Na supplementation in broiler chicken were previously reported in the literature. In particular, previous studies suggested that DMG-Na supplementation would lead to improvement of performance traits (Kalmar, 2011) , decreased plasma TBARS , and increased nutrient digestibility . In this context, the present study was conducted to assess the effect of DMG-Na dietary supplementation on apparent digestibility in broiler chickens fed 2 levels of dietary fat.
Final BW and feed intake were higher for chickens fed LF than HF diets. No effects of DMG-Na supplementation on performance traits were observed. However, the rearing conditions used in the present study (i.e., indi- vidual housing in cages) did not reflect the commercial rearing practice. This would possibly explain the lack of the significant effect of DMG-Na supplementation on feed conversion ratio as reported in other studies (Kalmar, 2011; Ortega Sánchez de Tagle et al., 2011) . Liver weight was reduced in DMG-Na-supplemented groups compared with controls. This result could be related to a better hepatic function due to the interaction between DMG and methylation reaction occurring in the liver. The DMG is a naturally occurring intermediary metabolite in the choline to glycine metabolism, and acts as a methyl donor (Tonda and Hart, 1992; Slow et al., 2004) . Kalmar et al. (2011) suggested that in poultry DMG may play a sparing effect on choline, which can be used for its specific functions other than methylation. Specifically, choline is considered a lipotropic factor due to its function in the regulation of hepatic lipoprotein synthesis. Furthermore DMG is a precursor of glycine synthesis. During early life, glycine is considered as an essential amino acid in chickens due to insufficient biosynthesis rate (Klasing, 2000) . Therefore, DMG supplementation could also lead to improvement of protein biosynthesis in birds during early life.
The higher plasma α-TOC observed in chickens fed LF compared with HF diets could be a consequence of reduced polyunsaturated fatty acid (PUFA) ingestion in birds fed LF diets, and a consequent sparing effect on vitamin E. It is well known that the dietary requirement of vitamin E increases linearly with the amount of PUFA in the diet (Klasing, 2000) . Nevertheless, there are currently controversial arguments on the interaction of vitamin E absorption and dietary fat level in broiler chickens (Villaverde et al., 2008) . Previous authors suggested that in other species, increased dietary PUFA led to decreased bioavailability of vitamin E following degradation in the intestinal tract (Tijburg et al., 1997) . This could explain the higher plasma α-TOC concentrations in chicken fed LF compared with HF diets found in the present study.
A significant positive effect of DMG-Na supplementation on AD was observed during the growing phase. The DMG-Na supplementation improved the AD of DM, organic matter, and CP in LF and HF diets. Fat digestibility was also improved by DMG-Na supplementation in LF diets. Dietary supplementation of DMG-Na also improved digestibility of α-TA during the growing phase, probably as a consequence of the emulsifying effect of DMG-Na on the lipid ingesta fraction . During the finishing phase, a positive trend was observed for AD of DM, organic matter, and CP. Serum proteins were higher in birds fed DMG-Nasupplemented diets than birds fed control diets. Serum albumin concentration depends on hepatic synthesis rate, degradation, release from liver, body distribution, and exogenous loss (Lumeij, 2008; Thalacker-Mercer and Campbell, 2008) . In our experiment, the highest serum albumin and total protein observed in broilers fed DMG-Na-supplemented diets could therefore be related to improved protein digestibility compared with nonsupplemented groups and to increased availability of amino acids precursors for protein synthesis. This could lead to an optimization of the oncotic pressure and, consequently, ascites prevention (Currie, 1999) .
